The growth front roughness of Ta 2 O 5 amorphous films grown by pulsed plasma d.c. reactive sputtering has been investigated using atomic force microscopy. Film deposition during reactive sputter deposition is explained based on dynamic scaling hypothesis in which both time and space scaling are considered simultaneously. The interface width w increases as a power law with deposition time t, w~t β , with β = 0.45 + 0.03. The lateral correlation length ξ grows as ξt 1/z , with 1/z = 0.61 + 0.07. The roughness exponent extracted from the slope of height-height correlation analysis is α = 0.79 + 0.04. The results are similar to that obtained by sputtering of elemental materials, and do not fit to any of the presently known growth models. Monte Carlo simulations were carried out based on a recently developed re-emission model, where incident flux distribution, shadowing, sticking coefficient, and surface diffusion mechanisms were accounted for in the deposition process. An important finding is that sticking coefficient must be less than unity to obtain the observed β value (~0.45).
INTRODUCTION
Tantalum oxide (Ta 2 O 5 ) has been considered a promising high permittivity (high-k) dielectric material because of its potential applications as a dielectric in high-density dynamic random access memories (DRAMs) [1, 2] , as an alternative gate dielectric material for silicon dioxide [3] , and as a thin film dielectric material in embedded capacitors for advanced packaging applications [4] . For all these applications, Ta 2 O 5 thin films exhibiting low leakage current densities and high breakdown fields and capacitance densities are required for reliable electrical performance.
The micro-roughness at metal-dielectric interfaces can significantly degrade the leakage and breakdown characteristics of thin film capacitors [5] . Higher effective electric field exists at the sharp and pointed regions at metal-dielectric interfaces. This results in higher leakage and premature electrical breakdown of the thin dielectric films at these locations. A physics based approach, to evaluate the interface roughness evolution, will help to correlate the interface roughness with the excessive leakage and lower breakdown characteristics of Ta 2 O 5 films.
In this study, films are deposited by reactive sputtering. It is a low temperature deposition technique and that makes it suitable for applications requiring low thermal budget. Surface roughness evolution during a reactive sputtering process has not been reported before. In this article, we extract the scaling exponents and suggest a re-emission model to describe the possible surface growth mechanisms during reactive sputter deposition. Different than the re-emission model proposed by Drotar et al. [6, 7] , the model we used takes into account surface diffusion and has a more directional incident flux of particles compared to the one used in their work.
EXPERIMENTAL METHODOLOGY

Thin film deposition
Ta 2 O 5 thin films of various thickness were deposited by pulsed plasma magnetron d.c. reactive sputtering. Pulsed d.c. reactive magnetron sputtering is similar to d.c. sputtering except that the polarity of the power supplied to the target oscillates from negative to positive to neutralize the charge build up on the oxide layer at the target [8] - [10] .
The tantalum metal target, with 99.99% purity level, was 8" in diameter and 0.25" thick. The substrates were 5" n-type (100) silicon wafers with resistivities in the range of 15-25 Ω-cm. The substrate was held on a substrate holder about 5.5 cm above the tantalum target. No substrate rotation was provided during deposition. The target was water-cooled while no intentional cooling was provided for the substrate during deposition. A cryogenic high vacuum pump was used to evacuate the chamber to a base pressure below 3 x10 -7 torr prior to deposition. The tantalum target was pre-sputtered in argon plasma for 2 minutes to clean up the target surface. The sputtering gas used was a mixture of oxygen and argon in the ratio 60:40 by volume. All depositions were carried out at a total pressure of 6 mTorr during sputtering. The deposition rate was~45 nm/min. The substrate was kept electrically grounded during the deposition. An Advanced Energy MDX d.c. power supply system connected in series with a SPARC-LE arc suppression unit was used to bias the Ta target. This power supply system supplied a pulsed power to the target at a 20 kHz frequency. All depositions were done at 2.5 kW plasma power. The duty cycle was around 10%, during which the target (cathode) potential shifts to positive voltage (~10 V). The duration of the positive pulse was around 5 µs.
Thin film characterization
Film thickness was measured after the film deposition using a variable-angle spectroscopic ellipsometer (VASE  ) and also verified by step-height measurements using profilometer. The surface morphology was measured using contact-mode AFM (atomic force microscopy) (Park Scientific Auto CP). The radius of the Si 3 N 4 tip was about 10 nm, and the side angle is about 10°. We took 8 AFM images, of size 4µm×4µm per sample and each image included 256 x 256 pixels. PSI ProScan software was used to extract height-height correlation function from the AFM scans of different thickness of Ta 2 O 5 films.
RESULTS AND DISCUSSION
The quantitative information of the surface morphology can be extracted from the equaltime height-height correlation function H(r, t), defined as H(r) = < [h(r)-h(0)] 2 >. Here h(r) is the surface height at position r (x, y) on the surface relative to the mean surface height. The notation <...> means a statistical average. The dynamic scaling hypothesis requires that H(r)~r 2α for r<<ξ, and H(r)=2w 2 for r>>ξ. Here ξ is the lateral correlation length, w is the interface width or RMS roughness, and α is the roughness exponent (local), which describes the surface fractality. The interface width w increases as a power law of deposition time t, w~t β , where β is the growth exponent, and the lateral correlation length ξ grows as ξ~t 1/z , where 1/z is the dynamic exponent. Dynamic scaling also requires that z = (α/β). Therefore, from the slopes of linear fits to the log-log plots of H(r) versus r (for r << ξ), w versus t, and ξ versus t, we can extract the roughness exponents α, β, and 1/z respectively. The equal-time height-height correlation function H(r, t) as a function of the distance r is plotted in log-log scale. All H(r, t) curves gives the same α value within the short-range spatial scaling regime as indicated as the dashed line. Representative surface morphologies of reactively sputtered Ta 2 O 5 films (from AFM scans) are shown in Fig. 1(a) , for the deposition times of t = 3, 15, 48, and 120 minutes. Fig. 1(a) clearly shows that the surface features grow with time. Height-height correlation function curves, H(r,t), are calculated from AFM images after a line-by-line averaging process. The height-height correlation function curves are plotted on a log-log scale in Fig. 1(b) , for different deposition times varying from 3 to 120 minutes.
The roughness exponent (α) is calculated from the slope (=2α) of the height-height correlation curve on a log-log plot for r<<ξ. The interface width w is obtained from the root mean square fluctuations of the height data. In order to determine ξ accurately, the twodimensional auto-correlation C(r) = <h(r) h(0)> function is calculated from each AFM image, and the quadrant circularly-averaged auto-correlation function C c (r) is used to determine ξ by the relation C c (ξ)=C c (0)/e.
In Fig. 1(b) , the interface width and the lateral correlation length grow with time, but the slope of the height-height correlation curve for r<<ξ. (=2α) is nearly constant. For initial phase of deposition (t < 10 minutes), the height-height correlation curves do not overlap each other for r<<ξ. In the literature this type of growth is termed non-stationary growth [11] . In non-stationary growth, the fluctuations and the smoothening effects cannot quite reach a balance and stationary local slope cannot be achieved. In a nonstationary growth the scaling relation z = (α/β) may breakdown [12] . After around 10 minutes, the height-height correlation curves begin to overlap, which suggests that the growth gradually becomes stationary.
The roughness exponent value of each H(r, t) curve is the same within the experimental errors: α = 0.79 + 0.04. But measured α values can be higher than the true values because of the tip effect [13, 14] . Aue et al. showed that the surface fractal dimension, determined with a scanning probe technique, will always lead to an underestimate of the actual scaling dimension, due to the convolution of tip and surface (fractal dimension d f for 1+1 interface is related to α by d f = 2-α [15] ). Aue et al. analysis included tips with different shapes and aspect ratios. Their analysis for a tip similar to what we used suggests that after AFM tip adjustments, the value of α for our results will be around 0.6-0.7.
In Fig. 2(a) , the interface width w is plotted as a function of deposition time t. The linear fit to Fig. 2(a) gives the growth exponent β = 0.45 + 0.03. In this fit we did not include data points up to t = 8 minutes, because the growth is non-stationary till around 10 minutes. The log-log plot of ξ versus t is shown in Fig. 2(b) . As evident from Fig. 2(b) , ξ does not change too much up to the deposition times around 10 minutes, after which a stationary growth begins to develop. After around 10 minutes, ξ increases linearly with deposition time on log-log plot, and the best fit to this regime gives 1/z = 0.61 + 0.07. From the measured α and β, the scaling relation z = (α/β), predicts 1/z = 0.56 (z = 1.75), which is close to the measured 1/z value. Our experimental growth exponent value of β = 0.45 + 0.03 is close to the reported values of β~0.4 in the literature from the elemental sputtering depositions [16] .
Our experimental results show that the roughness exponents obtained for our sputter deposited films fit none of the presently known universality classes [15, 17] . Local models typically give β ≤ 0.25 except the random deposition model where β = 0.50. In a local growth model, each surface point is related only to a limited number of neighboring points. In reality, the morphology of the neighboring points can result in a shadowing effect where the valleys of the surface receive less incident flux due to the hills around them. A pure shadowing effect would give β = 1 [7, 18, 19] . Furthermore, an incident atom can bounce off of the surface depending on its sticking coefficient. The average probability of sticking is a result of the complicated interactions between the incident atom and the surface. These re-emitted particles can fill the valleys faster and increase the conformality. Another smoothening effect comes from adatom diffusion on the surface towards regions with lower surface potential energy (e.g. valleys), which is a local effect.
Therefore, Monte Carlo simulations were carried out based on the recently developed reemission model by Drotar et al. [6, 7] and Karabacak et al. [3, 20] , where incident flux distribution, sticking coefficient, and surface diffusion were accounted for in the deposition process during reactive sputter deposition. The details of the basic processes used in the simulation code are given in references [3, 6 and 7] . A summary of basic depositon processes is sketched in Fig. 3(a) . A single particle (with a position described by x, y, and z) is introduced with random (uniformly distributed) variables x, and y, while z is set to the maximum height of the surface, plus one. The direction of the particle follows the distribution dP(θ,φ)/dΩ = cosθ/(2π sin θ), , where φ is the angle of the projection of the particle's trajectory in the x-y plane, θ is the angle between the particle's trajectory and the negative z axis, and dΩ is equal to d(cosθ)dφ. The particle moves in a straight line until it hits the surface and it is either deposited (h→h+1) or is re-emitted according to the thermal re-emission mode. The particle is allowed to continue 'bouncing' off the surface until it is deposited on the surface or heads away from the surface. Sticking probabilities of the first impact (zero th order) and of following impacts (n th order ) of the re-emitted particle are defined by s 0 and s n , respectively. Once a particle is deposited, a prescribed number of atoms, being set to D/F, are randomly picked to become candidates for diffusion. Here, D denotes the number of surface atoms that are available to diffuse within the unit time interval, in which F atoms are deposited to the surface. The particle goes on jumping until it finds an island of atoms, a kink site, a valley or any lattice point, where the diffusion probability becomes small. Finally, after the diffusion step is done, another particle is allowed to fall on the surface and the whole process is repeated.
During our simulations we studied the change of β for various values of sticking coefficients (with s 0 ≤ 1 and s n>0 = 1) and surface diffusion rates. We observe that high sticking coefficients values (s 0~0 .8 -1) give β = 1 for all the diffusion rates studied (0 ≤ D/F ≤ 100). This result is expected due to the shadowing effects from the incident flux. Therefore, our experimental results can not be explained if we assume sticking coefficients close to unity. We also studied the low sticking coefficients (s 0~0 .1 -0.4) and they give β~0, which is much lower then what we observe experimentally. However, for intermediate values of s 0 we obtain β ranging from~0 to 1. We also see that for sticking coefficients around s 0~0 .60-0.65 growth exponent gets values β 0.3-0.5 (for various D/F), which is close to our experimental β~0.45 and to β~0.4 from the elemental material sputtering depositions reported in the literature.
CONCLUSIONS
The dynamic growth front roughening of Ta 2 O 5 amorphous films grown by pulsed plasma d.c. reactive sputtering can be explained based on dynamic scaling hypothesis, in which both time and space scaling are considered. The interface width w increases as a power law with deposition time t, w~t β , with β = 0.45 + 0.03. The lateral correlation length ξ grows as ξ~t 1/z , with 1/z = 0.61 + 0.07. The roughness exponent extracted from the slope of height-height correlation analysis is α = 0.79 + 0.04. The results are similar to that obtained by sputtering of elemental materials, and they don't fit any of the presently known growth models. However, recently developed re-emission model can bring out a good degree of explanation of the surface dynamics of our sputter deposited films. The model includes sticking coefficient, re-emission (of the non-sticking particles), shadowing, and surface diffusion processes. We discuss that the sticking coefficients of the incident particles should be less than unity in order to explain our experimental scaling exponents.
